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Abstract 
High and medium molecular weight of synthetic cationic polymers (3150 and 8265) and natural cationic polymer 
(chitosan) were selected to study the effect of cationic polymers on microbial granulation in anaerobic digestion. The 
optimal dose of each type of cationic polymer for the initial microbial agglomeration was determined in laboratory-
scale jar test. The suitable dose of 3150, 8265 and chitosan was 2.0, 2.0 and 13.0 mg/g VSS, respectively. The bench 
reactors were operated for a period of 120 days at organic loading rate (OLR) of 0.5-2.0 kg COD/m3.d. As the results, 
these cationic polymers enhanced anaerobic granulation in term of granule properties which consists of physical, 
chemical and biological properties. Size distribution of all reactors increased specially addition of polymer 3150 
which provided the granule percentage from 2.74% to 16.40%. Chitosan contributed on increased of extracellular 
polymeric substances (EPS) production from 20.2 to 50.0 mg/g VSS, and also specific methanogenic activity (SMA) 
reached to 0.18 g COD/g VSS.d. The experimental results showed that addition polymer 3150 and chitosan gave well 
productive in term of granule properties. Granule scanning electron microscope (SEM) and fluorescent in situ 
hybridization (FISH) with confocal laser scanning microscope (CLSM) photographs indicated the accomplishment of 
granulation by progressively increasing the OLR. 
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1. Introduction 
The anaerobic processes can be either conventional free cell processes or attached growth also known 
as biofilm and granule. Comparing to conventional free cell systems, the bioreactors with immobilized 
cells show the better results including greatly improved the reactor productivity, smaller reactor vessels 
and shorter retention times. It is due to higher cell density and high resisted to pH, temperatures and 
concentrations of toxicants, which are lethal for a free suspended culture. 
Anaerobic microbial granulation is considered to be a key parameter for the successful operation of an 
upflow anaerobic sludge blanket (UASB) reactor and an anaerobic hybrid UASB-fixed film reactor 
(AHR). It is a natural process under favorable conditions due to the tendency of bacteria to self-
immobilize. The granulation is often initiated by adsorption of microorganism to inert material, or with 
each other due to syntrophic relationship between methanogenic and acetogenic species in mixed 
consortia. To form granulation, not only pH, temperature, composition and concentration of organic 
compounds in wastewater, hydrodynamics, microbial ecology and production of extracellular polymeric 
substance (EPS) by anaerobic microorganism are factors governing granulation but the presence of 
multivalent cations is also one important factor to accelerate granulation.  
The cationic polymer additives are generally used to accelerate the granules formation because of 
positive charges facilitating the formation of microbial granules by formed bridges among negative 
charges of anaerobic microorganism. Synthetic cationic polymers with high and medium molecular 
weight have been used by researchers for acceleration of sludge granulation. Show et al. (2004) used the 
high molecular weight cationic polymer to accelerate the formation of sludge granules in UASB reactor 
[1]. Moreover, chitosan as a natural polymer also has been used for enhancement of sludge granulation. A 
study conducted by El-Mamouni et al. (1998) found that the granulation rate of mixed culture in the 
UASB reactor supplemented with chitosan was faster than that in the UASB reactor supplemented with 
synthetic cationic polymers [2]. 
Both of synthetic and natural cationic polymers are effected on the granulation size. The reactor 
performance and stability is not only depended on the granulation size and quantity of granule but also 
relies on the quality of granule. Therefore, this research aimed to study effect of cationic polymer 
additives on microbial granulation and its properties by using high and medium molecular weight of 
synthetic polymers (3150 and 8265) and natural polymer (chitosan). 
2. Materials and methods 
2.1 Seed sludge and synthetic wastewater 
The source of microbial inoculum was obtained from anaerobic pond of the cassava starch treatment 
plant. The preparation of inoculum seed was conducted with 600 μm mesh size to sieve seed sludge and 
obtain the small microbial aggregates. The formulation of synthetic wastewater was modified from 
Smolders, et al. (1995) and glucose was used as carbon source [3]. 
 
2.2 Cationic polymers 
 
Polyacrylamide (3150), Polyacrylate (8265) and chitosan were used as synthetic and natural cationic 
polymers. Polymer 3150 and 8625 were obtained from Clear Chemical Co., Ltd. and Dyna Fluid Co. Ltd., 
respectively. The stock solution of 3150 and 8625 were prepared by diluting 1 g of polymer in 1 litre of 
deionized water resulting on the concentration of 0.1% w/v. Chitosan was provided by Pilot Plant 
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Development and Training Institute (PDTI) of King Mongkut’s University of Technology Thonburi. 
Chitosan solution was 1.5% w/v of chitosan in 1% acetic acid. 
 
2.3 Experimental set up 
 
Three continuous stirred tank reactor (CSTR) with a working volume of 5 l. were used with addition of 
3150 (reactor 3150), with addition of 8265 (reactor 8265) and chitosan (reactor chitosan). The initial seed 
sludge was inoculated in each reactor as 5 g VSS/l. The reactors were start-up with initial OLR 0.5 
gCOD/l.d or F/M ratio 0.1 gCOD/gVSS.d at HRT of 4 days and up-flow liquid velocity of 1 m/h. The 
polymers were added weekly into the reactor based on the suspended solid (SS) concentration. After 
reactors reached steady state condition, the organic loading rate (OLR) was increased as a series of steps 
from 0.5 kg/m3/d to 2.0 kg/m3/d (OLR 0.5 – OLR 2.0) and operating for 4 months. Polymer 3150, 8265 
and chitosan were added every week in reactor 3150, reactor 8265 and reactor chitosan with the optimum 
dose of 2, 2 and 13 mg/g SS, respectively. The alkalinity in each reactor was adjusted to 2000 mg 
CaCO3/l by the addition of NaHCO3. All reactors were operated at an ambient temperature (30-35 °C) 
and monitored microbial properties as shown in analytical methods. 
 
2.4 Analytical methods 
 
TS, SS, VSS and SVI were determined based on the standard method of APHA (2005). The 
extracellular polymeric substance (EPS) was extracted by cold aqueous technique and then determined by 
phenol-sulfuric acid method for carbohydrate and Bradford dye assay for protein. Propionate and butyrate 
concentration were determined by gas chromatography (GC) Shimadzu 14B with a flame ionization 
detector (FID). Methane production and composition were determined by the water replacement method 
and GC Shimadzu 14B with a thermal conductivity detector (TCD), respectively. Size distribution was 
done by using image analysis using MATLAB program [4]. Specific methanogenic activity (SMA) was 
carried out in 50 ml serum bottles [5]. 
 
2.5 Scanning electron microscope (SEM) and confocal laser scanning microscope (CLSM) 
 
The Sample were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer pH 7.2 for 2 hours/overnight 
at 4oC [6]. Fixed granules were dehydrated and coated with gold then viewed in a scanning electron 
microscope, JEOL model JSM-5410LV Japan. 
 
Fluorescence in situ hybridization (FISH) technique combined with confocal laser scanning 
microscope (CLSM) was used to visualize the internal structure and the microbial composition of 
anaerobic granules. Fixed granules were dehydrated in increasing concentrations of ethanol (50, 70, 95, 
and 100%), in pure xylenes. Granules were embedded in Paraplast wax at 60°C for 3 h [7]. Paraplast 
blocks were cut at room temperature with a Histostat rotary microtome into 8-mm-thick sections. The 
microtome sections were transferred onto poly-L-lysine-coated microscope slides, subbed with 1% 
gelatin, dried overnight at 42°C, deparaffinated, and air dried. Hybridization of section slides were 
conducted with hybridization buffer and probes for 2.5 hours at 46oC. The probes used for Eubacteria and 
Archaea characteristics are based on Jupraputtasri et al. (2005) [8]. After hybridization, slide were 
washed three times in 50 ml pre-warmed washing solution at 48ºC for 10-15 minutes and subsequently 
washed with distilled water. Antifade solution was added above microbial aggregates prior to be closed 
with cover glass and the samples were analysed and monitored by CLSM. 
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3. Results and discussion 
Physical (size distribution and SVI), chemical (EPS production) and biological properties (SMA, 
morphology and microbial composition) were conducted to evaluate effectiveness of polymer to enhance 
the granules formation by adding cationic polymers  from high and medium molecular weight of synthetic 
polymers (3150 and 8265) and natural polymer (chitosan).  
 
3.1 Size distribution and sludge volume index 
 
Fig. 1 and Table 1 illustrated the percentage of granule size distribution and SVI during the operating 
condition, respectively. After 4 months operation, the particle size of reactor 3150, 8265 and chitosan 
were getting bigger by the particle size 0.1 mm was decreased from 70% to 24-36% within OLR 2.0. The 
granule size population in range over 0.6 mm of reactor 3150, 8265 and chitosan was 16.40%, 3.67% and 
6.82%, respectively.  
As the experiment proceeded, the granules size increased for all reactors. On OLR 0.5, the granule 
particle in reactor 3150 showed the biggest size compare with reactor 8265 and chitosan. This result 
indicated that the granule development of reactor 3150 was faster and bigger than the others due to the 
zeta potential of 3150 is approximately 16 mV which was in the range of enhance coagulation or 
flocculation, whereas the zeta potential of 8265 and chitosan were 36 and 57 mV which were in moderate 
stability and good stability, respectively [9].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Size distributions of microbial granules during the operation in reactor 3150, 8265 and chitosan 
 
When compare between 8265 and chitosan, the zeta potential of 8265 was lower than chitosan but 
gave the lower efficiency on granule formation. It might be chitosan as natural cationic polymer and its 
structure liked polysaccharide structure which acted as EPS matrix resulting enhance microbial 
agglomeration [2]. 
The SVI of all reactors was significantly decreased comparing to the initial stage of granulation (Table 
1). The reduction of SVI during operation compared to inoculum seed it indicated that the high settle-
ability of sludge in the reactors were occurred. It was note that the addition of 3150 and chitosan can 
facilitate the granules formation better than 8265 which related to the size distribution results. 
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                                              Table 1. The sludge volume index of all reactors during granulation 
Reactor 
SVI (ml/ g VSS) 
Initial OLR 1.0 OLR 2.0 
3150 56.0 39.3 38.8 
8265 56.0 50.0 49.1 
chitosan 56.0 40.0 36.1 
 
3.2 Extracellular polymeric substance (EPS) 
 
EPS produced by microorganism are believed to play an important role in maintaining structural 
integrity of granules [10]. The result of EPS production in each microbial granule of all reactors (Table 2) 
showed an increase of both carbohydrate and protein content at the end of operating condition. 
 
              Table 2. The compositions of EPS in all reactors during granulation 
Reactor Type of EPS 
EPS concentrations (mg/ g VSS) 
Initial OLR 1.0 OLR 2.0 
3150 
Polysaccharide 15.1 ± 1.36 13.8 ± 1.82 37.1 ± 1.32 
Protein 5.1 ± 0.86 5.0 ± 0.68 5.3 ± 2.55 
8265 
Polysaccharide 15.1 ± 1.36 14.8 ± 1.91 31.0 ± 4.63 
Protein 5.1 ± 0.86 3.4 ± 1.22 8.9 ± 4.60 
chitosan 
Polysaccharide 15.1 ± 1.36 15.5 ± 0.39 37.6 ± 2.18 
Protein 5.1 ± 0.86 4.8 ± 0.53 12.4 ± 2.92 
 
The result of EPS analysis showed that carbohydrate was the major component which produced by all 
reactor. Increasing of EPS production was caused by increasing substrate loading rate during the 
granulation study. Liu, et al. (2004) stated that a number of operating parameters such as reactor type, 
substrate composition, substrate loading rate, hydraulic retention time and hydrodynamic shear force, 
affected on EPS production of microorganism [11]. Moreover, the EPS composition was affected by the 
characteristic of feeding substrate. Previous studies reported that carbohydrate is the major component of 
EPS for granule which fed with sucrose [12]. The EPS production of granule in reactor 3150 and chitosan 
were higher than reactor 8265 which similar to the size distribution and SVI results. The EPS play an 
important role in maintaining integrity, formation of matrix structure and improvement the stability of 
granule [11, 13]. 
 
3.3 Specific methanogenic activity 
 
The result was found that the methanogenic activity of each reactor increased during the operation 
time with all cationic polymer addition. The reactor addition with chitosan had the highest methanogenic 
activity and followed by polymer 3150 and 8265 with SMA values of 0.18, 0.16 and 0.13 g COD/g 
VSS.d, respectively. This result indicated that polymer did not cause any inhibition to methanogenic 
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activity. The SMA result was similar with the previous result conducted by El-Mamouni, et al. (1998). 
They reported that aggregation of microorganism into granules which facilitated by polymer addition 
increased the metabolite transfer between microorganism and made the methanogens easier to use the 
substrate [2].  
 
3.4 Morphology of microbial granules 
 
Scanning electron microscope (SEM) was used to evaluate the granules morphology. The granule 
samples were taken at the initial and after granulation. The morphology and microbial composition of 
each microbial granule were shown in Fig.2. The scanning electron photomicrographs described the 
initial of seed sludge at 100X and 3,500X magnification (Fig.2a and 2b). After granulation, the result was 
found that the morphology of microorganism on granules in each reactor was dominated by coccoid and 
rod-shape (Fig.2c to 2h). The prominence of these microorganisms acid producing bacteria. It was 
supposed that Streptococcus sp., Propionibacterium sp. and Bacillus sp. were dominant in these granule 
which was similar with the previous result conducted by Wollersheim, et al (1989) [14]. The different 
development of microbial granules were observed in each reactors. The granule in reactor chitosan was 
stronger and more compact than granule from the other rectors. As the results of physicochemical and 
biological properties of microbial granules, the reactor 3150 and chitosan gave the good quality. 
However, the size distribution of reactor 3150 was bigger size than the reactor chitosan but microbial 
granule in reactor chitosan showed more compact than reactor 3150 by SEM analysis. This indicated that 
granule of reactor chitosan looked like stronger and more compact than the reactor 3150 and 8265. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. The morphology of microbial aggregates at initial day (a, b), reactor 3150 (c, d), reactor 8265 (e, f) and reactor chitosan (g, h) 
at OLR 2.0 kgCOD/m3.d. Figure a, c, e and g with the 100X magnification and figure b, d, f and h with 3,500X magnification. 
 
3.5 Microbial composition inside the granule 
 
The combination of SEM and CLSM together with a modified FISH protocol provide a powerful tool 
to explore the structure of granule (Weber, et al, 2008). The CLSM images of granules could be used to 
monitor the microbial composition inside granules. To visualize Eubacteria and Archaea, FITC-labelled 
probe 338 (green) and CY3-labelled probe ARC 195 (red) were used simultaneously. The spatial 
distribution of microorganism of each reactor was shown in Fig.3. The distribution of Eubacteria and 
Archaea within granules was elucidated by FISH technique and visualized by CLSM. It was found that 
the granule was mostly dominated by Eubacteria which was similar with the scanning electron images 
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(Fig. 2.), which showed that bacteria predominant in the granule. The position of Archaea in granule of 
reactor 3150 and chitosan like the syntrophic microcolony model and multi-layered model which 
proposed by MacLeod, et al. [15]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Confocal laser scanning images of granule with combination between FITC-labeled probe EUB338 and CY3-labeled probe 
ARC 195 in reactor 3150 (a), 8265 (b) and chitosan (c) with  200X magnification at OLR 2.0 kgCOD/m3.d. 
4. Conclusion 
The addition of cationic polymers was successfully achieved in reactor 3150 and chitosan. It was 
found that the addition of 3150 was suitable for flocculation or initial stage of granulation, and chitosan 
was suitable for long term granulation. The granular size of reactor 3150 and chitosan was bigger than in 
the reactor 8265. The increase of granular size was related to an increase of EPS production. Moreover, 
methanogenic activity also increased to 0.16, 0.13 and 0.18 g COD/g VSS.d for reactor 3150, 8265 and 
chitosan, respectively. It suggested that 3150 and chitosan addition could facilitate the formation of 
granules which did not affect on microbial activity. 
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